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The complete expression for the intensity in pseudo-scalar meson photoproduction with a polarized 
beam, target, and recoil baryon is derived using a density matrix approach that offers great economy 
of notation. A Cartesian basis with spins for all particles quantized along a single direction, the 
longitudinal beam direction, is used for consistency and clarity in interpretation. A single spin- 
quantization axis for all particles enables the amplitudes to be written in a manifestly covariant 
fashion with simple relations to those of the well-known CGLN formalism. Possible sign discrepancies 
between theoretical amplitude-level expressions and experimentally measurable intensity profiles are 
dealt with carefully. Our motivation is to provide a coherent framework for coupled-channel partial- 
wave analysis of several meson photoproduction reactions, incorporating recently published and 
forthcoming polarization data from Jefferson Lab. 
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I. INTRODUCTION 

The production amplitude for pseudo-scalar me- 
son photoproduction involves eight complex amplitudes 
which depend on the spin states of the photon and target 
and final-state baryons. The reaction can be simplified by 
considering the parity invariance of the strong and elec- 
tromagnetic interactions, reducing the number of inde- 
pendent complex amplitudes to four. Barker, Donnachie, 
and Storrow (BDS) pQ showed that there exist fifteen ex- 
perimentally observable single- and double-polarization 
observables which, in addition to the differential cross- 
section, can be expressed as bilinears in the four inde- 
pendent amplitudes. Several ambiguities originate with 
the BDS work. The BDS article treats reactions with 
the four amplitudes in the helicity basis (non-flip, N, 
double-flip, D, and two single-flip amplitudes, Si and 
S 2 ), but does not clearly specify to which helicity con- 
figurations the amplitudes Si and S2 refer. Other au- 
thors [2, 3 J follow different schemes for enumerating the 
four amplitudes. The construction of the helicity am- 
plitudes presents a separate problem, as choice of phase 
conventions in Wigner rotation matrices can also poten- 
tially lead to sign ambiguities. 

Chiang and Tabakin (CT) [4] later showed that to com- 
pletely characterize the full production amplitude, mea- 
surements of the differential cross-section and a care- 
fully chosen set of only seven polarization observables 
is required; that is, there is redundancy in the full set 
of sixteen bilinear observables. The CT study assumes 
"measurements" are made with infinite precision, a sit- 
uation obviously unattainable by any experiment. More 
recently, the effects of uncertainty in polarization mea- 
surements on constraining amplitudes has been studied 
from an information theory perspective [S]. 

Sandorfi et al. [6] have pursued descriptions of the po- 
larization observables in terms of the Chew-Goldberger- 



Low-Nambu (CGLN) amplitudes [7 . They have tested 
configurations of production amplitudes which reproduce 
available polarization data for the reaction jp — » K + A to 
within experimental uncertainties by randomly sampling 
the amplitude space and projecting observables from the 
amplitudes. Their work shows that the currently ob- 
served set of polarization observables and experimental 
uncertainties do not provide enough constraint to dis- 
tinguish between production models containing different 
resonance contributions, thus suggesting that measure- 
ment of a larger number of observables than prescribed 
by CT will be required to fully extract the four complex 
amplitudes. 

The scope of the present work is three- fold. First, we 
derive the general expression for the reaction intensity 
with all three polarizations (beam, target, and recoil). 
Our motivation is the density matrix approach of Fasano, 
Tabakin and Saghai (FTS) [3J, the power of which is 
compactness of notation. The full expression consists of 
4 x 4 x 4 = 64 terms. Invariance under mirror symmetry 
transformations (a parity inversion followed by a rota- 
tion, see Sec. [V]) removes half of these terms. In the re- 
maining terms, each of the sixteen physically measurable 
observables occurs twice. All results herein follow simply 
from the properties of the Pauli matrices and the mirror 
symmetry operator acting on the spin density matrices 
of the photon and baryons. 

Second, we provide amplitude-level expressions for 
the polarization observables corresponding to measur- 
able particle momentum distributions, carefully keeping 
track of the relative signs between experimental measure- 
ments and amplitude-level expressions. Our amplitudes 
are constructed in the longitudinal basis, that is, with 
spin projections for all particles quantized along a single 
direction, the beam direction. For reactions with multi- 
ple decays and non-zero spins for the the final-state parti- 
cles, a single spin-quantization axis enables one to write 
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FIG. 1: (Color on-line) Axes for pseudo-scalar meson photo- 
production in the center-of-mass (cm.) frame for a particular 
event. The z-axis is along the photon momentum direction 
and the y-axis is normal to the reaction plane. Momenta of 
the incoming (outgoing) particles are shown in bold red (blue) 
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is the polar meson-production angle in the cm. 



frame. See text for details. 



the full production amplitude in a manifestly Lorentz- 
invariant fashion. A relevant example of such a process is 
the reaction chain 7p — > K + Y.° — > K + A(-f) — > K + pTr(j). 

Finally, we list and numerically validate the various 
"consistency relations" connecting the different spin ob- 
servables. These consistency relations provide important 
checks for both theoretical analyses and constraints in 
the case of future experiments which will have access to 
polarizations of the beam and target and recoil baryons. 

We aim to establish a consistent partial-wave-analysis 
formalism for recent [8HT2] and future [321 [14| meson pho- 
toproduction data from CLAS, as well as all presently 
available polarization data from other experiments such 
as GRAAL [13 [16] and LEPS [HHIS]. To ensure correct 
interpretation of these observables, one must be confident 
of the relationship between measurements extracted from 
momentum distribution asymmetries and the polariza- 
tion observables as treated in theoretical studies. Until 
now, most of the world data on polarizations has been 
limited by statistics and kinematic coverage. Further- 
more, experimental limitations have restricted measure- 
ment to only a few of the fifteen polarization observables. 
However, with a new generation of experiments at Jeffer- 
son Lab on the horizon |13l 114] , much activity is antici- 
pated in the field in the coming years. This article will 
provide a self-contained and comprehensive description of 
the formalism for pseudo-scalar meson photoproduction 
from the fundamental derivations and a careful treatment 
of the connection between theory and measurement of 
polarization observables. 



II. AXIS CONVENTIONS 

In the case of single pseudo-scalar meson photoproduc- 
tion, let fc, —k, q and — q be the momenta of the incom- 
ing photon, target baryon, outgoing meson, and outgoing 
baryon, respectively, in the overall center-of-mass (cm.) 
frame (see Fig. [I]). The beam direction defines the z- 



axis, z cvt = k/\k\. The y-axis is taken to be normal to 
the reaction plane established by the photon and meson 
momenta, y ev t = kx q/\kx q\. The cc-axis is then simply 
icvt = Vcvt x z cvt . Here the subscript "evt" denotes that 
these axes, with x ovt and y G vt parallel and perpendicular 
to the reaction plane, are defined on an event-by-event 
basis. 



III. THE PHOTON POLARIZATION STATE 
AND DENSITY MATRIX 

There is some disparity between the optics and 
particle-physics community in the nomenclature of the 
right- and left-handed polarization states. Particle physi- 
cists define the right-handed polarization state following 
the right-hand rule for the transverse electric polarization 
vector. The spin of the photon points along its momen- 
tum for the right-handed polarization state (or positive 
helicity state) . The left-handed polarization state has the 
photon spin anti-parallel to its direction of motion. The 
optics community swaps the definitions for the right- and 
left-handed states, though the notions of positive- and 
negative-helicity states are the same in both treatments. 
Here, we adhere to the particle-physics convention. 

We will define the polarization basis states for the pho- 
ton as 

k + vt) = -(\x cvt )+i\y cvt ))/V2 (la) 
Kvt) = (l^cvt) - i\y ev t))/V2, (lb) 

where |e + ) is the right-handed (positive-helicity) state, 
|e~) is the left-handed (negative-helicity) state, and |x evt ) 
and |j/cvt) are states of transverse polarization along x cv t 
and y ev ti respectively. Looking into the incoming beam, 
the y-component phase leads (trails) the x-component 
phase for the positive (negative) helicity states and the 
polarization vector rotates counter-clockwise (clockwise) 
for the positive (negative) helicity states, in accordance 
with the right-hand rule. 

For a general mixed state, it is useful to switch to the 
density matrix notation for describing the polarization 
state of the photon. We follow the work of Adelseck and 
Saghai (AS) [20] and FTS [3] and write the photon spin 
density matrix as 
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In the AS prescription, the quantities P^ and P^ denote 
the degree of linear (L) and circular (C) polarization. 
In the FTS treatment, P s is the Stokes' vector common 
in optics, with x-, y-, and z-components indicating the 
amount of polarization along each spatial direction. The 
kinematic variable ip is the azimuthal angle between the 
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FIG. 2: For a linearly polarized beam, {ii a b, 2/iabi -%ab} de- 
fines the fixed laboratory axis of the experiment. The po- 
larization direction (n po j) is at an angle 9 to the laboratory 
:r-axis. For a given event, the reaction plane is at angle ip to 
the laboratory a;-axis. Therefore, the polarization vector is at 
an angle <f> = (8 — <p) relative to the reaction plane. 



reaction plane and the laboratory x\ a h for a linearly po- 
larized photon for a given event. The linear polarization 
vector relative to the laboratory frame is 



niab = cos 9 iiab + sin 9 yj ab . 



(3) 



For the circularly polarized photon (or unpolarized 
beam) case, the production amplitude is azimuthally 
symmetric about the beam direction. However, for the 
linearly polarized case, iiab and yi a b define a preferred 
transverse coordinate system. The experimental condi- 
tions define ni a b and 9 = 0° (90°) correspond to parallel 
(perpendicular) plane polarizations according to the ex- 
perimentalist. For a given event, relative to the reaction 
plane, the polarization vector is 



n ev t = cos(6* - (p)x cvt + sin(0 - (p)y ev t, 



(4) 



and the Stokes' vector P s may be related to the circular 
polarization quantities by 



P a = 

P s = 
p" = 



-Pi cos(20) 
-PI sin(2^) 



(5a) 
(5b) 
(5c) 

in the basis formed by {x ev t, j/evt, z ev t} and <fi = (9 — if). 
The angles ip, 6, and <f> are shown schematically in Fig. [2] 
and the connection between P s and the different polar- 
ization states are given in Table [I] Apart from the right - 
(r) and left-handed (I) circular polarizations, which are 
our basis states, there are the perpendicular (_L) and par- 
allel (||) states, corresponding to photons linearly polar- 
ized along the y- and x-axes, respectively, and two lin- 
early polarized states at ±45° to the x-axis (in the x-y 
plane), labelled as ±t. 
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-1 


(_L) Linear (<j> = tt/2) 
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(||) Linear (4> = 0) 
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(— t) Linear (0 = — 7r/4) 





+1 





(+t) Linear (cj> = 7r/4) 





-1 






TABLE I: Stokes' vector P s for different photon polarization 
configurations (adapted from Ref. [3]). The right- (r) and left- 
handed (I) circular polarizations are our basis states. The 
different configurations for the linearly polarized states can 
be expressed in terms of these basis states. <j> is the angle the 
linear polarization direction makes with x vt- See text for 
details. 



IV. THE INTENSITY PROFILE AND T ; „ 
ELEMENTS 



We first note that as far as the theoretical definitions 
of the polarization observables are concerned, the only 
relevant kinematic variables for a given total energy (W) 
in the cm. frame are the angle between the photon polar- 
ization vector and the reaction plane, 4> — (9 — ip) (for a 
linearly polarized beam), and the polar meson production 
angle i9^ m> . This is because the observables are defined 
as asymmetries relative to the reaction-plane coordinate 
system {x ov t, j/cvt, ^ovt}- It is only when we will need 
to connect the observables to experimentally measurable 
intensity distributions, that the orientation between reac- 
tion plane, photon polarization vector, and the lab frame 
(quantified by angles 9 and ip) will be required. We will 
return to this point later in Sec. VII In what follows (as 



in the FTS conventions) we will refer to the Pauli ma- 
trices operating in the spin spaces of the beam, target 
baryon, and outgoing baryon as cr 7 , cr 4 , and o~ b , respec- 
tively. The density matrices are then given by 



\(l + P S ■<?-<) 



P 



(l+P l -a l ) 
{l+P b -a b ). 



(6a) 
(6b) 
(6c) 



The vectors P s , P % , and P b denote the polarization 
vectors of the beam, target and recoiling baryon, respec- 
tively. If any of the beam, target or recoil polarization is 
not measured, the corresponding P is the zero vector. 



We define A 



to be the reaction amplitude for a 
particular spin configuration of the photon (m 7 ), target 
{mi) and baryon (mj), with the spin-quantization axes 
for all particles along z, the beam direction. For a given 
photon spin, m 7 , the four A amplitudes correspond to the 
elements of a 2 x 2 matrix J my in the space of transition 
elements for a target spin state \rrij) going to the baryon 
spin state \rrib)- Therefore the matrix elements of J m are 



4 



via 



{mi>\Jm 1 \'mi) and J and .4 are connected 



(m b \ J m Jm») = A 



(7) 



For experiments with "mixed" states p- ln and p ut as 
the initial prepared (input) and final measured (out- 
put) configurations connected by the transition opera- 
tor J, the intensity profile is proportional to the trace 
Tr[/3 out J Pi n Jt]. In the present case, p ln = p % ® p 1 and 
Pout = P l '■ Therefore, the most general intensity expres- 
sion for the profile dependent upon beam, target, and 
recoil polarizations is given by 



oo 



Tr[p b JpyTjt] 
Tr[JJt] 



(8) 



where o~q is the unpolarized cross-section and the 
traces are over the beam, target and recoil spins. This 
derivation can be found in FTS [3] and in an equivalent 
form, in the paper by Goldstein, et al [22] . The main 
utility of this formulation is its symbolic compactness 
which enables easy derivation of other observables and 
their correlations. In Sec. I Villi we will describe in detail 
how to expand these traces to give amplitude-level 
expressions for the polarization observables. 

We now establish a notation for the Pauli matrices 
and the polarization vectors as four- component vectors, 
wherein 

{ 00,0-!, 0-2,0-3} = {I,<J x ,<Jy,<J z } (9a) 

{P ,P U P 2 ,P 3 } = {l,P X ,Py,P z }. (9b) 

Since each density matrix in Eqs. [6] has four terms, the 
full profile in Eq. [8] has 4 x 4 x 4 = 64 terms. We will 
also adopt the convention: 



TrKjq>7jt] 

Hmn- Tr[JJf] 

so that Eq. [8] can be compactly represented as 
1 ~ 



(10) 



E 

Imn e {0,1,2,3} 



P l P m P n Tlmn- (H) 



V. MIRROR SYMMETRY 
TRANSFORMATIONS 

Following the work of Artru et al [5T], we first define 
the mirror inversion operator 



M = II cxp(— iir J y ), 



(12) 



which describes a parity inversion (II) followed by a 180° 
rotation about the y axis. We list the effects of M on the 
relevant particle types labeled by their spin and parity 
quantum numbers, J p : 



• J p — 0~ pseudo-scalar meson: Only the parity 
inversion contributes. Thus, M = II = — 1 is a 
simple sign flip. 



1 + 
2 



baryons: Here II = 1 and J y — 02/2. 



Therefore M — II exp(— inJ y ) = —icr^. In terms 
of the spin states, the transformation is given by 
|+) -> |-> and |-> ^ -|+). 

J p = 1~ photon: A 180° rotation about the y 
axis leaves \y) unchanged but changes \x) to | — x). 
Substituting this in Eq. la leads to an interchange 



between |e^ t ) and |e^ t )- Including II = —1 for a 
vector particle leads to M = —a\ for the photon 
in the Pauli basis. In terms of the spin states, the 
transformation is le^t) — l e evt)- 

There are two main effects of the M transformation 
of which we make use. First, M acting on any Ti mn 
element results in a reshuffle in the Pauli operators for 
the incoming states: 

{0,1,2,3} => {-1, -0,-i3, £2} (photon) (13) 
{0,1,2,3} =*> {-£2,-3,-£0, 1} (target). (14) 

However, Eq. [14] does not quite work for the outgoing 
baryon density matrix, since the effect of the pseudo- 
scalar meson in the outgoing system needs to be incor- 
porated as well. For the outgoing meson-baryon system, 
the reshuffle is given by 

{0, 1, 2, 3} =$> {— £2, 3, — £0, —1} (outgoing system), 
where we have added an extra sign flip for <j\ and 03 



compared to Eq. 14 that comes from the parity of the 
pseudo-scalar meson. The do terms do not acquire this 
extra sign flip, since they physically correspond to the 
situation where the experiment is "blind" to the spins of 
the outgoing states. Also, since cr 2 is connected to the 
identity matrix by the M transform, it does not acquire 
a sign flip. 

Second, the action of M on the production amplitudes 
and invariance under this transformation lead to relations 
between the amplitudes for positive and negative photon 
helicities: 

(16a) 
(16b) 
(16c) 
(16d) 

where the four independent amplitudes Li will be called 
the longitudinal basis amplitudes. 

The Li amplitudes are very closely related to the stan- 
dard CGLN amplitudes [7], since they are both in the 
Cartesian basis. In the CGLN approach, one writes the 
amplitude (up to over all phase and energy factors) as 



Li 


= 4++_ 


- = +A— 


L 2 


= A++- 


- = -A— 


L 3 


= A + - 


- = +A-+ 


Li 


= A + - 


- = -A-+ 



A, 



X t (m h )J'(A)x(m i ), 



(17) 
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Type 


Observable 


Definition 


M transform 


Unpolarized 


Co 


(000) 


(122) 


Single-pol. 


P 


(002) 


(120) 


?j 


£ 


(100) 


(022) 




T 


(020) 


(102) 


Beam-target 


£ 


(330) 


(212) 


!) 


F 


(310) 


-(232) 


?) 


G 


-(230) 


(312) 


?) 


H 


-(210) 


-(332) 


Beam-recoil 


Cx 


(301) 


(223) 


?) 


c z 


(303) 


-(221) 


?j 




-(201) 


(323) 


?) 




-(203) 


-(321) 


Target-recoil 


T x 


(011) 


(133) 




T z 


(013) 


-(131) 


?) 


L x 


(031) 


-(113) 


?) 


L z 


(033) 


(111) 



where we have abbreviated s — sin(?9™ l m ) and 
c = cos($™ m ) in terms of the polar meson produc- 
tion angle in the cm. frame, $™ m . (see Fig. [I]). The 
connections between the Lj amplitudes and the CGLN 
amplitudes Fi are therefore: 



ii ~ sF 3 + csF 4 (20a) 

L 2 ~ s 2 F 4 (20b) 

L 3 2sF 2 - sF 3 - csF 4 (20c) 

L 4 ~ 2F l - 2cF 2 + s 2 F i . (20d) 



TABLE II: The definition of the 16 observables as the Ti mn 
correlations in Eq. |11| The defining T; mn elements are listed 
as (Imn) in the third column and the corresponding M trans- 
formed elements are listed in the last column. Invariance 
under the M transform results in each observable occurring 
twice. The full intensity expansion is given in Eq. |21| 



where x( m i) an d x( m b) ar e the spinors of the initial tar- 
get and the final baryon, respectively, and A = ±1 gives 
the photon helicity. The matrix J-(X) is expanded in 
terms of the four CGLN amplitudes Fi as 

F{\) = i(a ■ e)F l + (a ■ q)(a X k) ■ eF 2 

+ i{e ■ q){<7 ■ k)F 3 + i(e ■ q){a ■ q)F 4 . (18) 



For A = +1, this leads to 
sF 3 



s 2 F 



csF^ 

4 



2F X - 2cF 2 -\ 
-2sF 2 - sF 3 



s-r 4 
csFi 



(19) 



VI. THE POLARIZATION OBSERVABLES 



We first define the sixteen observables as the various 
Ti mn elements (see Table [IT]) noting that each observable 
occurs twice in the expansion given by Eq. |11| Our def- 
initions for the observables follow those in FTS [3]. It 
is to be noted that there are minus signs in front of the 
defining T/ mn elements for the four double-polarization 
observables that use a linearly polarized beam (G, H, 
O x , and O z ). These extra sign flips are needed to pre- 
serve the definitions of these variables as physical asym- 
metries, as given in FTS [3J. The signs for G, H, O x , 
and O z , in terms of the density matrix trace calculations, 
as given in Appendix A in the FTS article will therefore 
acquire sign flips (see Sec. VI B and Sec. VI C for further 



details). We now write the full intensity profile in terms 
of the polarization observables as: 



1 = X {(1 + Pi P^P b ) + P(P b + Pip;) + S(Pf + P^P b ) + T{P l y + P*P b ) + E(P z s Pl + P y s P l x P b ) 

+F{PSP! C - P y s PlP b ) + G(~P y s Pl + P? P*P b ) + H{-pSp? x - P?P*I*) + C x {P*P b x + P y s P;P!) 

+c z (p z s p b - p y s p;p b x ) + o x (-p y s p b + p^p;p b ) + o z (-p y s p b z - p z s p;p b ) + /:,;/';/'!' + p s x kpI) 

+T z (P*P b - P S x P l z Pl) + L x (PlP b - P S x PlP b z ) + L z (PlP b + PiP l x P b )}. (21) 



We note that the three single polarizations (P, £ and T) 
occur again as double correlations and the twelve double 
polarizations (E, F, G, H, C x , C z , O x , O z , T x , T z , L x 
and L z ) occur again as triple correlations. 



A. The 32 vanishing terms 



The expansion in Eq. [TTJ has 64 terms, while Eq. [2TJ 
has only 32 terms. The rest of the 32 terms vanish un- 
der M invariance. Tooi and T003 are examples of such 
terms (they do not occur in Table |n| . Physically, these 
two elements correspond to recoil polarizations (with un- 



6 



polarized beam and target) along the x and z directions, 
which are required by M invariance to be zero. The gen- 
eral structure of these vanishing terms can be understood 
from the following example. From Eq. [14] for the photon, 
under a M transform, <j\ is connected to the the iden- 



tity matrix (oq). Similarly, from Eqs. 14 and 15 for the 
baryons, it is 02 that is connected to the identity matrix. 
We group (To and the Pauli matrix connected to a® by the 
M operator as "E" (type +1), and the rest (<T2 and 03 
for the photon, and a± and 03 for the baryons) as of the 
"O" (type -1). A general correlation T\ mn vanishes if the 
product of the "types" of I, m, and n is -1, since these are 
not invariant under the mirror symmetry transformation. 



B. Beam-target type experiments 

We will show that our expressions for the intensity pro- 
files as measured by the experimentalist conform to the 
definition of these observables as asymmetries. Follow- 
ing the notation set up in FTS [3] we will denote the 
cross-section for any configuration of the beam, target 
and recoil polarizations as cr < - 7 ^^. For beam-target type 



experiments, P = 0, and Eq. 



21 



becomes 



r (7,i,0) 



a {l + Pf £ + /';■: /';// + P? F) 
+P;(T + P*P) + P:(-P y s G + Pf£)}(22) 



The beam asymmetry is defined as 

(_L,0,o) _ (||,o.o) 

E = 



a (±,o,o) +cr (||,o,o)' 



(23) 



where || and _L correspond to a beams with polarizations 
along the i ev t (</> — 0) and j/ ev t (0 = ?r/2) directions, 
respectively, and denotes an unpolarized configuration. 
The target asymmetry is defined as 



T = 



r(0,+2/,0) 



r (o -vfi) 



CT (0,+y,0) +cr (0,-y,0)' 



(24) 



E 
F 
G 
H 



a 



(r,+z,0) 



{r,-z,0) 



a (r,+z,0) + a (r-z,0) 
a (r,+x,0) _ a (r,-x,0) 
a (r,+x,0) + a (r,-x,0) 
a (+t,+z,0) _ pi+t-zfi) 
a (+t,+zfi) + a (+t,-z,0) 
a (+t,+x,0) _ a (+t,-x,0) 
a (+t,+x,0) _|_ a {+t,-x,0) ' 



(25d) 



where "r" denotes a right-handed circularly polarized 
beam (all photons in the state |e^, t )), and "+t" denotes 
a linearly polarized beam with cj> = +7r/4 with respect to 
i ev t- The full expression for the cross-section in beam- 



target experiments reads 



IT 



theory 



er {l - PIT, cos(20) 



P; (T-P2P sin(20)) 
+Pl (PZF + P2H S in(m 
+P*(P2E + P2G S m(m} (26) 



where we have added a subscript "theory" to remind the 
reader that this is for the theoretical formalism only. It 
can easily be checked that the definitions in Eqs. [23]|25"| 
are consistent with the intensity profile given by Eq. |26| 
Recall that <f) = +tt/4 corresponds to Py = — 1 (see 
Table |l| , explaining the extra minus signs for G and H 
in the definitions of the corresponding TJ mn elements in 
Table El 

It is to be noted that one has access to an "extra" 
single-polarization observable, the recoil polarization P, 
even though the polarization of the recoiling baryon is not 
measured here. This is again due to the M transform 
relations. In fact, any double-polarization experiment 
has access to all the three single polarization observables. 
The definition of P as an asymmetry is given in the next 
sub-section. 



C. Beam-recoil type experiments 

For an experiment with beam and recoil baryon po- 
larization information, we follow a similar logic. Here, 
P 1 = 0, and the beam-recoil expression is 



(7 



(7,0,6) 



theory 



= cto{1 - P2 Scos (2</>) + Py(P - PIT cos{2<j>)) 
+P b jP^C x + P2 O x sin(2^)) 
+P h z {PiC z + P20 z sin{2cj ) ))}, 
where the recoil polarization P is defined as 



(27) 



P 



A0,0,+y) 



r(P,0-v) 



a (0,0,+y) + a (0,0-y) ' 

The four beam-recoil double polarizations are 



(28) 



as 




a (r,0,+z) 


- a (r,0,-z) 






c z = 


(29a) 




o-M, +*) 


f cr( r <° >-*) 


(25a) 


C x = 


a (rfi,+x) 


_ a (r,Q.-x) 


(29b) 




a (rfl,+x) 


_|_ a (r,0.-x) 


(25b) 


o z = 


a (+tfi, + z) 


_ a (+t,0,-z) 


(29c) 




a (+t,0,+z) 


+ a (+t,0,-z) 


(25c) 


o x = 


a (+t.Q : +x 


_ a (+t,0,-x) 


(29d) 




a (+t,0,+x. 


+ a (+t,0,-x) ■ 



The "extra" single polarization observable accessible here 



is the target asymmetry T, defined in Eq. 24 

As in the case of G and H, the definitions of O x and 
O z as asymmetries use <p = +7r/4 that corresponds to 
Py = —1. This explains the extra minus signs in the 
defining Ti mn elements in Table ITT] for O x and O z . 
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D. Target-recoil type experiments 



and 



The target-recoil expression is 



r (7,0,6) 



-Pt P°L Z 



P^(P b T x + P b T z )} 
(30) 



where the four target-recoil double polarizations are 



a (0,+x,+z) 


_ a (0,+x 


-*) 


(31a) 


a (0,+x,+z) 


+ a (°'+ x 


-*) 


a (0,+x,+x) 


- <j(0,+x 


-x) 


(31b) 


a (0,+x,+x) 


+ a (0,+x 


-X) 


a {0,+z,+z) 


_ o.(0,+*, 


-z) 


(31c) 


a (Q, + z,+z) 


+ CT (0,+^ 


-z) 


a (Q, + z,+x) 


_ CT (o,+. 


-x) 


(31d) 


a (0,+z,+x) 


+ o(°'+ z > 


-x)- 



<j {l + P2 E cos(2^) + P b (P + P£T cos(2<p)) 
+P b x (P^C x + P20 x sm(2ip)) 



+Pz {PIC, 



C^x 



PlO z sin(2^))}. 



(35) 



It is important to note that the sine and cosine terms 
in Eqs. [26] and [27] alter signs differently in going from 
the "theory" expressions to the "para" and "perp" set- 
tings, and this directly affects the signs of the extracted 
polarization observables. Therefore, care must be taken 
by the experimentalist to conform to a definition of the 
"para" and "perp" settings that matches with the theo- 
retical definitions. Finally, we also note that it is benefi- 
cial to measure the intensity profiles for both the "para" 
and "perp" settings and extract the polarizations from 
the asymmetries between the two settings. This removes 
the overall normalization factor (the unpolarized cross- 
section), and therefore, any dependence on the detector 
acceptance (see Ref. [T3j for details). 



VII. CONNECTION WITH EXPERIMENTAL 
INTENSITY PROFILES 

Until now, we have been careful to distinguish the 
"theoretical" intensity profiles from what experimental- 
ists will actually measure. The only difference lies in the 
case of a linearly polarized beam where the laboratory 
analyzing direction set by the choice of the angle 9 (see 
Fig. [2| can vary. Eq. 30 remains the same between the 
theory and experimental formalisms, since it is indepen- 



dent of 9. For Eqs. 26 and [27] however, we need to get 
back to the relation cf> = (0 — <p) in Fig. [2] The easi- 
est choice is to measure everything with respect to Xi a b, 
which usually represents the experimentalist's choice of 
photon polarization axis. Therefore, we take 9 = (also 
called "para" setting), so that <p = —if and Eqs. 26 and [27] 
become 



(7,»,0) 



and 

^(7,0,6) 



(t {1 - Pl^ cos(2<^) + P l y (T + P2Psin(2tp)) 
+Pi{PZF-PlHsm{2 V )) 
+PI [PIE -PIG sin(2^))}, 



= a {l-P2£cos(2^) + P a b (P- 
+P b x {P^C x -PlO x sim») 



(32) 



PIT cos(2^)) 



-P 



{P'cCz 



respectively. Similarly, for 
setting), we get 



PlO z sin(2^))}, (33) 
= 7r/2 (also called "perp" 



(7,»,0) 



<t {1 + P2S cos(2<p) +P l v {T- PIP sin(2^)) 



+Pl{P 1 C F 
+K{P 1 C E- 



PIG sin(2^))}, 



VIII. COMPUTATION OF POLARIZATION 
EXPRESSIONS IN THE LONGITUDINAL BASIS 

A. Some basic rules and caveats 

We list some basic caveats that will be useful during 
the computations. 

1. The matrix representation of an operator is O nm = 
(n\0\m) (note order of subscripts). For the Pauli 

matrices for example, (<r y )-\ = —i, (a z ) = — 1, 

etc. 

2. FTS uses m s i and m s for outgoing baryon and in- 
coming (target) spins. We adopt and m, as the 
final baryon and initial proton spins, respectively, 
and denote the photon spin by m 7 = A. Any other 
index will be a dummy index for summation pur- 
poses. Also, unless otherwise mentioned, it is un- 
derstood that repeated indices are to be summed 
over. 

3. A useful relation is that for the conjugate op- 



erator J 

in i, in , 



the matrix elements are {j\} mi m b 
■■ A* 



(34) 



4. There are two types of traces in the FTS paper. 
"Tr" implies a trace over all spins, while "tr" im- 
plies a trace over the baryon spins, assuming that 
the photon spins have been traced over. To go from 
"Tr" to "tr", that is, the procedure of doing the 
photon spin trace, is as follows. Let fib and fii be 
any operator in the final baryon and initial target 
proton spin space respectively. For the three Pauli 



matrices crj, erj and a], the photon traces are com- 
puted as follows: 

Tr[Sl b JSlitr2Ji] = £ tr[0 6 J A n i (a2)Av(^ t )A'] 



AA' 



tr[fi 6 J+fi i (J 1 ')_ + Of, J_a(J f ) + ] 



(36a) 



Tr[Q 6 JOi^jt] = ^tr[f> h J A r! 2 (^) AA ,(jt), 



AA' 



Tr [fi 6 JO, cr J J f ] 



-i tr[n 6 J+f2 i (J t )_ - Q b J-n i (.P)+] 

(36b) 

X)tr[n 6 J A n i (crT r ) AV (jt) v ] 



AA' 



tr[o h j + ft 4 (J t ) + - n^n^jt). 



(36c) 

Note that these expressions for the summations 
over the photon states are equivalent to those from 
the more conventional forms that can be found in 
Ref. [22] , for example. The trace notation is simply 
a more compact way of expressing the spin sums. 

5. Overall normalization factor. All 15 polarization 
observables will be normalized by the intensity fac- 
tor TrfJjt]. This is given as 



Tr[Jjt]= \Ax mi m b \ 

Xrrii mt, 



(37) 



This will not appear in our expressions below, but 
it is understood that this normalization always goes 
into the computations. 



B. The 15 polarization expressions 

The detailed computation of the 15 polarizations are 
given below: 

P = Tr[a b y JJ f ] 

= (m b \a y \m b ){m b \J x \mi){mi\J{\m b ) 

= (m b \a y \m b )(m b \J\\mi)((m b \J\\mi)y 

= -* HJA|nK)«+|J A K))* +i{+\J x \mi)((-\J\\mi))* 

= '£-2Im(A Xmi+ A* Xmi _) (38) 

Am,- 



E = Tr[JaZ jt] 
= (m b \J + \mi){mi\J_\m b ) + (m b \ J_|m,-)(mj| j\\m b ) 
= (m b \J + \mi}({m b \J-\mi})*+{m b \J-\mi}({m b \J + \mi})* 



T = Tr[J<7* .P] 

= -i(m b \J x \+)(-\jl\m b ) +i(m b \J x \-)(+\jl\m b ) 

= -i<m 6 |J A |+)«m 6 |J A |-»* + i<m 6 |J A |-)«m 6 |jj;|+))* 

= 52-2Tm(A X - mb A* x+mb ) (40) 



Am 5 



E 



(m 6 1 J+ |m' 6 ) (m' b | cr 2 1 m'*) (m< | Jj |m&) 

- (m b | J_ |m b ) (m' b \a z | m-) (m • | Jl | m&) 
(m b |J + |m^)(m[ ) |cr 2 |m' i )((m b |J + |TO^)* 

-(m b |J_|TO b )(m fc |cr 2 |m^)((m 6 |J_|TO^))* 
(m b |J + |+)((m b |J + |+»* - (m b |J + |-)((m b |J + | 



->r 



-(m b |J_|+)((m b |J_|+))* + (m b |J_|-)((m b |J_|-))^ 



++mb i 



-1-44 



-1.4- 



1.4- 



(41) 



F = 



TV[Ja>Jjt] 

(m6|J+|m / 6 )(m' 6 |cr x |mi)(m^|J^|mi!,) 

-(m 6 |J_|m' 6 )(m{Jer E |m-)(m / JjI|m&) 
(TO b |J + |m b )(m b |cr :E |TO^)((m b |J + |m^))* 

-(m 6 |J_|m' 6 )(m' b |cr !1 .|m<)((m 6 |J_|mi))* 
(m b |J + |+)((m b |J + |-))* + (m b \J + \-)((m b \J + \+)y 
-(m b \J-\+)((m b \J-\-))* - (m b \J-\-)((m b \J-\+))* 



A* 



A — y mb A_ 



(42) 



G 



-Tr[Jaia]ji] 

i{m b \J + \m! b ){m b \a z \m[){m[\JL\m b ) 

-i(m b \ J-\m b ){m b \a z \m\){m[\J\.\m b ) 
i{m b \J + \m[){m[\a z \m'^({m b \J_\m'^)* 

-i{m b \J-\m b ){m b \a z \m'^({m b \J + \rn^)* 
i{m b \ J+\+)((m b \ J_|+»* - i(m 6 |J + |-)((mi,|J_|-))* 
- l (TO 6 |J_|+)((TO b |J+|+»*+7(m b |J_|-)((m b |J + |-))* 



X 21111 (^+-»- 

rat, 



-4! 



+r?Ji,-4 ++m[i ) 



(43) 



-Tr[j4^Jt] 

i(mb\J+\m' b )(m' b \a x \mi)(mi\JL\mb) 

-i(m b \J- \m' b ) (m' b |cr x |m-) (m-| J\\m b ) 

i(m b \ J + \m' b ){m' b \u x \m' i ){{m b \ J_|m-))* 

-i(m 6 |J_|m / 6 )(m / 6 |cr x |m / i )((m6|J + |m-))* 

l (m b |J + |+)((m fc |J_|-»*+i(m h |J + |-)((m b |J_|+))* 

-i<TO b |J_|+)«m b |J+|-))* - i<m 6 | J-\-)((m b \ J+|+»* 
E 2Im + A- +mb A* + _ mb ) (44) 

m b 



0, = -Tr[a b z Jul J+] 

= i(m fe |(7 2 |m-)(m-|J + |mi)(m i | Jl|m 6 ) 

-i(m6|CT z |m-)(m-| J_|mi)(mi| J||m 6 ) 
= 2(m(,|(T z |m-)(m-| J + |ra;)((m b | J_|m;))* 

-^mbl^lm-)^! J_|raj)((m b | J + |m;))* 
= »<+| J+|m i )«+|J_|m i ))* - i<+| J_K)((+| J+K))* 

-i(-\J + \mi)((-\J-\mi)T +i{-\J-\m i ){{-\J+\m i ))* 
= £ 21m (yl_ roi+ ^; roi+ + ^ +roj _X_ roi _) (48) 



(ra b |CT x |m-)(m'J J + |mj)(mj|J||m b ) 

-(mfe|cr x |m^)(m^| J_|mj)(mi| Jl|mb) 
(m h |cr a; |TO-)(m^| J + |mi)((m 6 |J + |mj))* 

-(m b |CT x |m-)(m-|J_|m;)((ra b |J_|m;))* 

H-Z+KHW+K))* - (-|J-K)«+|J_|m,»* 
+<+|J+|m i )«-|J + |m i )r - (+|J_|m i )«-|J_|m i )r 

E 2Rc - A- mi -A*_ mi+ ) (45) 

mi 

(m 6 |a z |m-)(m-|J + |mj)(mi| j\\m b ) 

-{m h \a z \m[){m[ i \J^\m i ){m i \jl_\m h ) 
(m 6 |(7 z |m / i )(m-|J + |m i )((m;,|J + |m i ))* 

- (m b | er z | m • ) (to ■ | J_ | m t ) ( (m 6 1 J_ | m 4 ) ) * 
(+\J+\m i )({+\J+\m i )y - (+\J-\mi)((+\J-\mi)Y 
-{-\J + \mi)({-\J + \mi)y + (-\J-\mi)({-\J-\mi)T 

E (i^+i 2 - i^+i 2 - i^-i 2 + i^-i 2 ) 

(46) 



T x = Tr[^ J4 Jt] 

= (TO6|CT x |m i )(m i |JA|TO / J(TO-|c7 x |m b )(m / 6 |J^|m6) 
= (m b | a x | mj) (to, I J x | m'i) (m^ | a x \ m' b ) ( (m b | J A | m' b ) ) * 
= {-\J x \ m [){ m [\a x \ m ' h )({+\J x \ m ' b ))* 

^+\J x \mf^(m' i \a x \m' b )((-\J x \m' b )r 

= (-Ra|+>«+|Ja|-»* + <+|A|+>«-|A|-»* 
+<-|A|->«+|Ja|+»* + (+Ra|->«-|A|+»* 
= Y,2Re(A x+ -A\_ + + Ax ++ A* x __) (49) 

A 



= (m b \a z \mi) (m, | J A |m •) (m • \<r x \m' b ) (m' b \ j\\m b ) 
= {m b \(T z \m l ){m i \ J A |m'J(m-|cT x |m b )((m b | J A |m' b ))* 
= (+|J A K)<m> x K)(<+|J A |m' b ))* 

-(-\J x \mf^(m^ x \m' b )((-\J x \m' b )r 

= (+\Jx\+K(+\Jx\-)r (-\Jx\+)((-\Jx\-)r 

+<+|A|->«+|Ja|+»* - (-|A|->«-|A|+»* 
= E 2Rc (Ax++A* x _ + - A x+ -A* x __) (50) 

A 



-Tr[a b x Ja^} 

i{m b \a x \m\){m\\J + \mi)(mi\jl_\m b ) 

-i(m b |<T x |m / i )(m-|J_|m i )(m i |j||m 6 ) 

i(m b |cr x |TO-)(TO-|J + |mj)((m b | J_|m 4 ))* 

-i(m b |o- x |m' i )(m-|J_|m i )((TO b |J + |m i ))* 
J + |mj)«+|J_|mi))* - i<-| J-K)((+| J+K))* 

+*<+|J+|mi)«-| J_|mi))* - i<+| J-K)«-| J+K))* 

E 2Im (^_ mi _^i; roi+ + A- mi+ A* +mi _) (47) 



= Tr[4ja;jt] 

= (m b |CT x |mi)(mj|J A |m-)(m-|<T 2 |m b )(m / 6 |J^|m b ) 
= (m 6 |cr x |m i )(m i |J A |m-)(mi|<T z |m b )((m b |J A |m b ))* 

= H^K)KKK)((+|j A K)r + ( 

+ \J x \m / i )(m / t \a z \m / b )((-\J x \m / b )y 

= (-|A|+>«+|A|+»* + (+|A|+>«-|Ja|+»* 
-<-|A|->«+|Ja|-»* - (+\Jx\-K(-\Jx\-)T 

= E 2 R C (A x+ -A* x++ - A x —A* x _ + ) (51) 

A 
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can then be expanded in terms of the sixteen 4x4 Dirac 
gamma matrix bilinears {1, 7 M , cr^ v , j^p, -yM^pfj. anc [ ^ ne 
Tr [a z J<r z <P} constraint relations emerge from the various Fierz iden- 

(mbKlm.Km^JAKXTO^KXm^K) tities connecting products of the Dirac bilinears. We 

, . . . . ... .. ,. .. . . list the set of relations (Eqs. L.O-S.r) that wc find to be 

(m b \a z \ mi ) (m,| J A |m 4 )(mJ^|m 6 )((m b | J A |m b )) y&M (wg maintain the equation-numbering as in Chiang- 

(+\J x \m' l )(m' l \a z \m / b )((+\J x \m' b ))* Tabakin @]). 

-(-\Jx\m[)(m[\a z \m' b )((-\J x \m' b ))* 
(+\Jx\+)((+\Jx\+)T (-\Jx\+)((-\Jx\+)Y 

-(+\M-K(+\Jx\-)r + (-\Jx\-)((-\Jx\-)r 



£ (|A ++ | 2 - |^A+-| 2 - |^A-+| 2 + |^A-| 2 ) 
A 



(52) 



C. Expressions in terms of Li amplitudes 



A summary of the expressions for the 16 observables 
in terms of the Li amplitudes as given below: 



<j /2 = 


{\L 1 \ 2 + \L 2 \ 2 + \L 3 \ 2 + 


\L 4 \ 2 ) 


(53a) 


P = 


-2Im(iii2 + ULl) 




(53b) 


£ = 


2Re(L 1 L* 3 - L 4 L* 2 ) 




(53c) 


T = 


2lm{L x Ll + L 2 Ll) 




(53d) 


E = 


(\ Ll \ 2 + \L 2 \ 2 -\L 3 f- 


\L,\ 2 ) 


(53e) 


F = 


2Rc(L 1 Ll + L 2 L* 3 ) 




(53f) 


G = 


-2Im(Li^ - L 2 L\) 




(53g) 


H = 


2Im(L 1 L* + L 3 L\) 




(53h) 


C x = 


2Re(L 1 L* 2 + L 3 Ll) 




(53i) 


c z = 


Q Ll \ 2 -\L 2 \ 2 -\L 3 \ 2 + 


|i 4 | 2 ) 


(53j) 


o x = 


2Im(Li£J - L 2 L* 3 ) 




(53k) 


o z = 


-2Im(LxL* + L 2 L\) 




(531) 


T x = 


2Re(L 1 L* 3 + L 2 L\) 




(53m) 


T — 


2Re(iiLJ - L 2 L* 3 ) 




(53n) 


L x = 


2Re(L 1 L* 2 - L 3 L* 4 ) 




(53o) 


L z = 


(\ Ll \ 2 -\L 2 \ 2 + \L 3 f- 


|i 4 | 2 ), 


(53p) 



where it is understood that all the 15 polarization ob- 
servables are to be normalized by <Jq/2. 



IX. THE CONSISTENCY RELATIONS 

It is well known that the fifteen polarization observ- 
ables occurring as bilinears in Eq.[53]can be connected by 
various identities. These are also called constraint equa- 
tions, because they interconnect and place restrictions 
on the physical values these observables can take. Sim- 
ply put, these equations are nothing but identities in the 
four independent amplitudes Li. Chiang and Tabakin [4 
have showed that these identities can be derived in a 
more sophisticated fashion by considering the complex 
space spanned by the four amplitudes. The observables 



These relations have been numerically verified by as- 
signing random values to the four complex Li amplitudes 
and calculating the polarizations employing Eqs. |53fc ,-p. 
The relations consisting of only squares of the observables 
(Eqs. L.O and S.bt-S.r) have no sign ambiguities. How- 
ever, the signs in the remaining set of relations depend on 
the conventions adopted while defining the polarizations. 



There appears to be some disagreement between differ- 
ent groups in the sign conventions for the polarizations, 
most likely arising from differences in the physics moti- 
vation. For example, in the CLAS C x /C z measurements 
for K + A photoproduction [jj], it was found that C z — > +1 
at 0*+, -> and C z was seen as the spm-transfer from a 
right-handed circularly polarized photon to the recoiling 
baryon. Other groups [23] prefer to have C z — » +1 at 

m ~~ * 0, with the interpretation that C z is the transfer 
of helicity from a right-handed circularly polarized pho- 
ton to the A. Indeed, hadron-helicity-conservation is a 
feature of perturbative QCD at high enough energies [24] . 
Whatever be the choice of convention, the important is- 
sue is that the intensity profile the experimentalist uses 
must match with the asymmetry definitions that give the 
amplitude-level expressions. This point was detailed in 

Sec. Ern 
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1 = {E 2 + T 2 + P 2 4 E 2 4 G 2 + F 2 4 H 2 
4 O 2 + O 2 + G 2 + 4 L 2 4 L 2 4 P 2 + T 2 }/3 



(L.O 

S = TP 4 T X L Z - T Z L X (L.tr 

P = EP - (G,0 2 - C 2 O x ) (L.br 

P = ST + GF — EH (L.bt 

G = PF + O x L x + O z L z (L.l 

P = -PP + O x T x 4 O z T z (L.2 

P = -PP + C X L X + C Z L Z (L.3 

P = PG4G,T,4G 2 T 2 (L.4 

O x = PC, + GL, + PP, (L.5 

O z = — TG, 4 GL Z 4 HT Z (L.6 

G, = —TO z 4 EL X 4 FT X (L.7 

G 2 = TO x 4 EL Z 4 FT Z (L.8 

T x = EL 2 + PO, 4 FC X (L.9 

T z = -EL, + HO z 4 FC Z (L.10 

L x = -T,T Z 4 GO x 4 EC X (L.ll 

L 2 = ET X + GO z 4 EC Z (L.12 

= G x O x + G 2 2 -EG-FFL (Q.b 

= GP + PP - L X T X - L 2 P 2 (Q.t 

= G,G 2 + O x O z - L X L Z - T X T Z (Q.r 

= -EG + PP + O z T x - O x T z (Q.bt.l 

= -EP -TE-O z L x +O x L z (Q.bt.2 

= EP + PP - G 2 T, + C,P 2 (Q.bt.3 

= -Y.F + TG -C Z L X + C X L Z (Q.bt.4 

= -EO, 4PG 2 -GT 2 4PL 2 (Q.br.l 

= -E0 2 - PG X + GT, - Pi, (Q.br.2 

= -EO, -P0 2 -PP 2 4PL 2 (Q.br.3 

= -EO 2 4PO, 4PP, -PL, (Q.br.4 

= TT X - PL Z - PG 2 + P0 2 (Q.tr.l 

= TT Z 4 PL, + PG, - PO, (Q.tr.2 






= TL X 


+ PP 2 - GG 2 4 


po 2 






(Q.tr.3) 





= TL Z 


— PPc 4 GG, — 


PO, 






(Q.tr.4) 


1 


= G 2 4 


P 2 4 P 2 4 P 2 


4E 2 - 


f T 2 


-P 2 


(S.bt) 


1 


= 2 4 


C 2 4 G 2 4 O: 2 


4E 2 - 




fP 2 


(S.br) 


1 


= T 2 + 


P 2 4 L 2 4 Ll - 


- E 2 4 


T 2 4 


P 2 


(S.tr) 





= G 2 4 


H 2 - P 2 - P 2 


-o 2 x 


-ol 


+ G, 2 - 


-Cl (S.b) 





= G 2 - 


P 2 4 P 2 - P 2 




YT 2 Z 




Ll (S.t) 





= o 2 - 


0^ 4 G 2 - G 2 


-Tl- 


YT 2 Z - 




L 2 (S.r) 



X. SUMMARY AND OUTLOOK 



We provide a detailed and self-contained description of 
the intensity profiles and amplitude-level expressions for 
the 15 polarization observables in pseudo-scalar meson 
photoproduction. Our calculations are based on the den- 
sity matrix approach of Fasano, Tabakin, and Saghai and 
our spin amplitudes have a universal spin-projection di- 
rection along the incident beam direction for all particles. 
We have also stressed the preservation of consistency be- 
tween the sign-conventions of experiment and theoret- 
ical amplitude-level expressions. The current work is 
geared towards performing a mass-independent partial- 
wave analysis on the recently published CLAS data [SHTTj 
and forthcoming results from JLab [131 H] ■ 



XI. ACKNOWLEDGEMENTS 

The authors thank Professor Reinhard Schumacher for 
his helpful comments during the preparation of this arti- 
cle. This work was supported in part by the US Depart- 
ment of Energy under Grant No. DE-FG02-87ER40315. 
D. Ireland also acknowledges the support of the United 
Kingdom's Science and Technology Council. 



[1] I. S. Barker, A. Donnachie and J. K. Storrow, Nucl. Phys. 

B95, 347 (1975). 
[2] R. L. Walker, Phys. Rev. 182, 1729 (1969). 
[3] C. G. Fasano, F. Tabakin, and B. Saghai, Phys. Rev. C 

46, 2430 (1992). 
[4] W.-T. Chiang and F. Tabakin, Phys. Rev. C 55, 2054 

(1997). 

[5] D. G. Ireland, Phys. Rev. C 82, 025204 (2010). 

[6] A. M. Sandorfi, S. Hoblit, H. Kamano, T. S. H. Lee, Sub- 
mitted to Phys. Rev. C (2010), |arXTv:1010.4555| [nucl-th]. 

[7] G. F. Chew, M. L. Goldberger, F. E. Low and Y. Nambu, 
Phys. Rev. 106, 1345 (1957). 

[8] R. Bradford et al. (CLAS Collaboration), Phys. Rev. C 



73, 035202 (2006). 
[9] R. Bradford et al. (CLAS Collaboration), Phys. Rev. C 

75, 035205 (2007). 
[10] M. E. McCracken et al. (CLAS Collaboration), Phys. 

Rev. C 81, 025201 (2010). 
[11] B. Dey et al. (CLAS Collaboration), Phys. Rev. C 82, 

025202 (2010). 

[12] M. Williams et al. (CLAS Collaboration), Phys. Rev. 
C80, 045213 (2009). 

[13] Craig Paterson, Polarization Observables in Strangeness 
Photoproduction with CLAS at Jefferson Lab, Ph.D. The- 
sis, Glasgow University (2008). 

[14] P. Eugenio et al. (CLAS Collaboration), Search for Miss- 



12 



ing Nucleon Resonances in the Photoproduction of Hy- 
perons Using A Polarized Photon Beam and A Polarized 
Target, Jefferson Lab Experiment E02-112. 

[15] A. Lleres et al, Eur. Phys. J. A 31, 79 (2007). 

[16] A. Lleres et al, Eur. Phys. J. A 39, 149-161 (2009). 

[17] K. Hicks et al, Phys. Rev. C 76, 042201 (2007). 

[18] M. Sumihama et al, Phys. Rev. C 73, 035214 (2006). 

[19] R. G. T. Zegers et al, Phys. Rev. Lett. 91, 092001 (2003) 

[20] R. A. Adelseck and B. Saghai, Phys. Rev. C 42, 108 
(1990). 



[21] X. Artru, M. Elchikh, J.-M. Richard, J. Soffer, and O. 

V. Teryaev, Phys. Rept., 470, 1 (2009). 
[22] G. R. Goldstein, J. F. Owens III, J. P. Rutherfoord and 

M. J. Moravcsik Nucl. Phys. B80, 164 (1974). 
[23] SAID database http://gwdac.phys.gwu.edu/: MAID 

database http : / /wwwkph . kph . uni-mainz . de/MAID/ /. 
[24] G. P. Lepage and S. J. Brodsky, Phys Rev. D 22, 2157, 

(1980). 



